Pseudomonas paucimobilis UT26 is capable of growing on 'y-hexachlorocyclohexane (,y-HCH). A genomic library of P. paucimobilis UT26 was constructed in Pseudomonas putida by using the broad-host-range cosmid vector pKS13. After 2,300 clones were screened by gas chromatography, 3 clones showing y-HCH degradation were detected. A 5-kb fragment from one of the cosmid clones was subcloned into pUC118, and subsequent deletion and gas chromatography-mass spectrometry analyses revealed that a fragment of ca. 500 bp was responsible for the conversion of y-HCH to 1,2,4-trichlorobenzene via -y-pentachlorocyclohexene. Nucleotide sequence analysis revealed an open reading frame (linA) of 465 bp within the fragment. The nucleotide sequence of the linA gene and the deduced amino acid sequence showed no similarity to any known sequences.
A wide variety of halogenated organic compounds have been used as solvents, agricultural chemicals, and insulating liquids. Most of them are toxic and recalcitrant in nature and cause serious contamination problems, as is the case with polychlorinated biphenyl. However, many halogenated organic compounds are biodegradable, and the degrading microorganisms have been isolated. Recently, genes responsible for the degradation of several halogenated compounds, e.g., 2,4-dichlorophenoxyacetic acid (5, 41), 3-chlorobenzoate (8, 49) , and polychlorinated biphenyl (9, 10, 21) , have been isolated and characterized in detail.
-y-Hexachlorocyclohexane (-y-HCH; -y-BHC; lindane) is an organochlorine insecticide which has been used worldwide since the 1940s. Because of its toxicity and long persistence in soil, most countries have prohibited the use of y-HCH. However, many contaminated sites still remain throughout the world (2, 29) . Moreover, some countries are presently using y-HCH for economic reasons, and new sites are continually contaminated by y-HCH.
Anaerobic y-HCH degradation occurs rapidly in paddy soil (27, 45) . Anaerobic degraders such as Clostridium spp. have been isolated (26, 34) , and their degradative pathways have been well characterized (11, 12, 20, 35) . Heritage and MacRae (11, 12) have used a washed cell suspension (11) and a cell extract (12) to show that -y-HCH is degraded via y-3,4,5,6-tetrachlorocyclohexene (.y-TeCCH) by Clostridium sp. The same degradation has been observed in Citrobacter freundi (20) and Clostridium rectum (35) . Ohisa et al. (33) have investigated this degradation pathway and revealed that the first dechlorination is associated with ATP synthesis. Their results also suggest that TeCCH is dechlorinated oa-TeCCH, P-TeCCH, y-TeCCH, and 1,2,4,5-tetrachlorobenzene (46) .
Pseudomonas paucimobilis UT26 was isolated from an upland experimental field to which y-HCH had been applied once a year for 12 years (39, 48) . Strain UT26 utilizes -y-HCH as a sole source of carbon and energy and is distinctive to the previously reported Pseudomonas strains in that it was isolated from soil in which degradation of y-HCH was actually observed. In a previous biochemical study, we observed four metabolites of y-HCH by using gas chromatography (GC) and showed that the initial step of y-HCH degradation by UT26 is a dehydrochlorination which yields y-PCCH (16 MATERIALS AND METHODS Bacterial strains, plasmids, and culture conditions. The bacterial strains and plasmids used in this study are listed in Table 1 . The Pseudomonas strains and Escherichia coli were grown on either Luria broth (LB) or W minimal medium (16) . Cultures were incubated at 30°C for Pseudomonas strains and 37°C for E. coli. UT26 was maintained stably as frozen cells in 30%o glycerol. Antibiotics were used at final concentrations of 50 ,ug/ml for ampicillin, 10 pug/ml for tetracycline, and 100 pg/ml for nalidixic acid.
Enzymes and reagents. Enzymes necessary for DNA manipulations were purchased from Takara Shuzo Co., Kyoto, Japan. y-HCH was obtained from Nacalai Tesque Inc., Kyoto, Japan. 1,2,4-trichlorobenzene (1,2,4-TCB) was obtained from Tokyo Kasei Co., Tokyo, Japan. y-PCCH was synthesized by a previously described method (31) .
Isolation of DNA. Plasmid DNAs of E. coli and the Pseudomonas strains were isolated by an alkaline lysis method (28) . Plasmid DNA was purified by cesium chlorideethidium bromide density gradient centrifugation (28) .
Total DNA of P. paucimobilis was isolated from 10 ml of a LB culture. Cells were washed once with TESS buffer (30 mM Tris, 5 mM EDTA, 50 mM NaCl, 25% sucrose [pH 7.5]) and suspended in 6 ml of the same buffer. Lysozyme solution (2 ml, 5 mg/ml) was added, and the mixture was incubated at 37°C for 30 min. After the addition of 1 ml of 10% sodium dodecyl sulfate (SDS), the solution was mixed vigorously.
The lysate was treated twice with phenol and twice with phenol-chloroform (1:1, vol/vol) (28) . The DNA was recovered by ethanol precipitation.
Construction of the gene library. P. paucimobilis total DNA was partially digested with Sau3AI and fractionated on a sucrose density gradient (20 mM Tris hydrochloride, 1 mM EDTA, 1 M NaCI, 12 to 40o sucrose). DNA fragments of 20 to 30 kb in size were isolated and ligated into BamHIdigested pKS13 (21) , a broad-host-range cosmid vector. The ligated DNA was packaged in vitro into a lambda phage particle by using Gigapack Plus (Stratagene, La Jolla, Calif.). Recombinant phage were transfected into E. coli HB101. Transfected cells were selected for tetracycline resistance on agar plates. The library in E. coli was stored at 4°C. The library was transferred into P. putida by using triparental mating (7) . Cultures of E. coli HB101(pRK2013) and P. putida PpY1l1 were mixed, centrifuged, and suspended in 1/20 volume of LB. Two microliters of this viscous suspension was dropped onto each clone of the library growing on LB plates (50 clones per plate). The plates were incubated for 6 h at 30°C. Colonies were transferred onto LB selective (nalidixic acid and tetracycline) plates by a replica plating method. Colonies grown on the selective plates were used as a gene library in P. putida.
In vivo assay for 'y-HCH dehydrochlorinase. A small quantity of a colony was picked and suspended in 100 p.1 of assay solution (5 ppm y-HCH in W medium). The suspension was incubated at 30°C for 10 to 30 min. Then 100 ,u1 of ethylacetate was added, and the mixture was vortexed for 3 min. After centrifugation (10 ,000 x g, 3 min), the ethylacetate layer was recovered. One microliter of this extract was analyzed by GC for y-HCH dehydrochlorination. Five col-onies were suspended in 100 ,ul of the assay solution for initial screening of the gene library.
For quantitative analysis, cells were grown to an optical density at 550 nm of 0.6. Cells from 1 ml of the culture were suspended in 1 ml of the assay solution. After incubation at 30°C for specific time periods, the samples were analyzed by GC.
GC and GC-mass spectrometry analysis. GC analysis was performed with a Hitachi 263-30 equipped with an electron capture 63Ni detector and a glass column (2.6 mm [inner diameter] by 2 m) packed with silicon OV17 (at 2% on 80/100-mesh Chromosorb W). The column and injection temperatures were 175 and 250°C, respectively, and the gas flow rate was 50 ml/min.
GC-mass spectrometry analysis was performed with a JMS DX303 (JEOL Ltd.) and an OV-1 capillary column (0.25 mm [inner diameter] by 25 m). The column temperature was increased from 120 to 250°C at a rate of 16°C/min. Electron impact mass spectrometry was measured at a 70-eV ionization potential, 300-,A trap current, and 200°C ion source temperature.
Construction of deletion plasmids and nucleotide sequencing. pIMA1 was digested with both XbaI and KpnI. Unidirectional deletions were made from the XbaI site of the linearized plasmid with exonuclease III treatment and subsequent mung bean nuclease treatment. Klenow fragment was used to fill in the ends of the deleted fragments, which were subsequently ligated and transformed into E. coli MV1184. Deletion of pIMA2 was carried out by the same procedure, except that the plasmid was linearized with Sall and SphI.
The nucleotide sequences of these deleted plasmids were determined by the method of Sanger et al. (38) with the Sequenase kit (U.S. Biochemical, Cleveland, Ohio). Both strands were sequenced.
Southern blot hybridizations. DNA fragments were transferred from agarose gels to nylon filters (Hybond N; Amersham Corp., Arlington Heights, Ill.) by Southern blotting (28) . Hybridizations were carried out at 68°C (high stringency) or 56°C (low stringency). After hybridization, the nylon filters were washed twice in 2 x SSC (300 mM sodium chloride, 30 mM sodium citrate [pH 7.0]) and 0.1% SDS at the respective hybridization temperatures. Filters originally hybridized at 68°C were then washed once in lx SSC-0.1% SDS. The DNA fragments used as probes were labeled with [o-32P]CTP via random primer extension (6) .
Analysis of the linA gene product. An overexpression plasmid, pMYLA1, was constructed from pAQN, which has the same structure as pAQI (44) except for differences in the aqualysin I-coding region. The plasmid pAQN was digested with EcoRI and HindIII to replace the 1.8-kb aqualysin I-coding fragment with the 1.2-kb EcoRI-HindIII fragment from pIMA2 that contained the linA gene. The resulting plasmid (pMYLA1) contained the origin of replication from pUC18 and one lacIq gene and expressed the linA gene under control of the tac promoter. When the culture of E. coli MV1184 carrying pMYLA1 reached an optical density at 550 nm of 0.6, isopropyl-P-D-thiogalactoside (IPTG) was added to a final concentration of 1 mM. The culture was incubated for 2 h to induce full expression. Cells from 1 ml of the culture were harvested by centrifugation, and the cell pellet was lysed in 100 ,ul of Laemmli sample buffer (23) . The sample was boiled for 5 min, and 15 ,ugl of it was loaded on a 15% SDS-polyacrylamide gel. After electrophoresis, the gel was stained with Coomassie blue.
Nucleotide sequence accession number. The nucleotide sequence data reported in this paper will appear in the DDJB, EMBL, and GenBank nucleotide sequence data bases under accession number D90355. RESULTS Isolation of a clone showing y-HCH dehydrochlorinase activity. In a previous paper, we showed that the initial step of y-HCH degradation by UT26 is a dehydrochlorination which yields y-PCCH (16) . This activity in vivo can be detected by GC analysis (16) . Therefore, GC analysis was also used for the screening of a clone with -y-HCH dehydrochlorination activity. The broad-host-range cosmid vector pKS13 was used in the construction of a gene library of UT26 in E. coli HB101. Each clone of the library in E. coli was mobilized into P. putida PpY1l1 with the help of pRK2013 (7), because many genes from Pseudomonas species are not expressed efficiently in E. coli cells. The resulting library in P. putida PpY1l1 was screened as described in Materials and Methods. Of 2,300 conjugants tested, 3 clones showed dehydrochlorination activity. These three clones, exemplified by PB101, converted y-HCH to y-PCCH and -y-PCCH to an unknown metabolite (compound I). No further degradation was observed after the accumulation of compound I. When PB101 was incubated with y-PCCH in place of -y-HCH, accumulation of compound I was also observed (data not shown). These results indicate that PB101 degrades y-HCH to compound I via y-PCCH. PB101 retained a recombinant plasmid, designated pKSR1, which contained a 25-kb insert. When E. coli cells containing pKSR1 were tested for the ability to degrade y-HCH, they converted -y-HCH to compound I via y-PCCH. The level of the activity was quantitatively analyzed. E. coli cells containing pKSR1 degraded 1 ,ug of y-HCH in 30 min, which is considerably lower activity than that in PB101 (4.8 ,ug).
Subcloning of 'y-HCH dehydrochlorinase gene. HindIII digestion of pKSR1 produced four fragments (22, 18, 5, and 2.2 kb). These fragments were subcloned into pUC118, and the recombinant plasmids were transformed into E. coli MV1184. Ampicillin-resistant colonies were then subjected to the assay for y-HCH dehydrochlorination activity. All clones exhibiting positive signals contained an 8.2-kb plasmid (pIMA1) with a 5-kb insert. E. coli cells containing pIMA1 retained their ability to transform y-HCH to compound I. From these observations, it was concluded that the 5-kb HindIII fragment from pKSR1 was responsible for the transformation of y-HCH to compound I.
Identification of the y-PCCH metabolite. (Fig. 3) . Total DNA of UT26 digested with HindIII was size separated on an agarose gel, blotted, and hybridized with the radiolabeled 5-kb fragment. Only a signal corresponding to the 5-kb fragment was detected (lane 5, Fig. 3B ), indicating that the cloned fragment originated from UT26. Four plasmids were detected in the CsClpurified preparation (lane 4, Fig. 3A) . However, none of the four plasmids (lane 4, Fig. 3B 1,2,4-TCB, a series of unidirectional deletion plasmids was constructed by using exonuclease III. These deleted plasmids were introduced into E. coli, and the cells were subjected to in vivo assays for y-HCH dehydrochlorination. The minimum-size plasmid that retained dehydrochlorination activity (pIMA156) contained a 1.7-kb insert. From pIMA156, a 1.2-kb EcoRI-BamHI fragment was isolated and cloned into pUC118 (pIMA2). E. coli cells containing pIMA2 retained the activity. Further deletions of pIMA2 were performed on the opposite end of the insert, and -y-HCH dehydrochlorination was tested. This activity was retained with a ca. 500-bp fragment (pIMA205). The activities to convert y-HCH to y-PCCH and y-PCCH to 1,2,4-TCB were inseparable (Fig. 4) . No difference in the level of the activity was observed with cells containing pIMA1 and pIMA205. Thus, it was concluded that the 500-bp region contained the sequence that was responsible for the conversion of y-HCH to 1,2,4-TCB. The nucleotide sequence of the 500-bp region and its flanking regions was determined (Fig. 5 ). An open reading frame (ORF) of 465 bp was found within the 500-bp region. No other ORF of reasonable size was identified. The ORF was preceded by a putative Shine-Dalgarno sequence complementary to the 3' ends of the 16S rRNAs of both P. aeruginosa and E. coli (40) . Thus, it is hypothesized that the ORF encodes the y-HCH dehydrochlorinase gene, which directs dehydrochlorination to 1,2,4-TCB. The deduced amino acid sequence is aligned with the DNA sequence in Fig. 5 . The gene (designated linA) encodes a polypeptide of 17.2 kDa that consists of 155 amino acid residues.
Nucleotide and deduced amino acid sequences were subjected to a computer search for similar sequences. No homologous sequences were found in the data bases of EMBL (release 21.0), GenBank (release 62.0), NBRF (release 23.0), or SWISS-PROT (release 12.0).
The nucleotide sequence of the linA gene exhibits several features. The G+C content of linA is very low (53%) for a Pseudomonas gene. A type strain of P. paucimobilis has been reported to have a total G+C content of 65% (36) . The ligA and ligB genes (protocatechuate 4,5-dioxygenase [PCD] a and 13 subunits, respectively) of P. paucimobilis SYK6 (32) and the bphC gene (2,3-dihydroxybiphenyl dioxygenase) of P. paucimobilis Ql (42) , which are the only genes in this species thus far sequenced, have G+C contents of 61, 64, and 62%, respectively. Codon usage bias of the linA gene is presented in Table 2 and compared with those of the PCD (ligA and ligB) and bphC genes as well as with the average values for several organisms. The bias of the linA gene is different from that of PCD and bphC. The codon usages of E. coli, P. putida, and P. aeruginosa are also different from that of the linA gene. Another feature of the linA gene is its 3'-terminal sequence. There is a direct repeat of 20 bp which encodes the 6 amino acids GIHFAP (Fig. 5) . The location of the repeated sequence at the 3' end of the gene suggests that it may have arisen through translocation of the gene.
Overexpression of the linA gene in E. coli and identification of the product. To identify the linA product, a plasmid that overexpresses the linA gene under the control of the tac promoter (pMYLA1) was constructed. E. coli MV1184 cells containing pMYLA1 were induced with IPTG, and the cellular proteins produced were analyzed by SDS-polyacrylamide gel electrophoresis. Figure 6 
DISCUSSION
In this report, the isolation and characterization of the linA gene from P. paucimobilis, which specifies the first enzymatic step in y-HCH'degradation, was described. We previously reported that the initial step of -y-HCH degradation by P. paucimobilis UT26 is dehydrochlorination of y-HCH, yielding y-PCCH (16) . In order to clone the gene specifying this step, GC arialysis was adopted for the detection of the in vivo conversion of y-HCH to -y-PCCH. A cosmid library of P. paucimobilis UT26 DNA was constructed in E. coli and then transferred into P. putida. The library was screened, and a gene for the initial dehydrochlorination of -y-HCH was isolated. This approach may be applicable for the cloning of other degradative genes with inefficient on-plate detection of expression (e.g., complementation of deficiency in assimilation or formation of colored metabolite). DNA of P. paucimobilis strains. The codon usage of linA is that promote constitutive expression in P. putida and have quite different from that of other sequenced genes of this tentatively proposed a consensus sequence for constitutive species. Thus, the linA gene may have been introduced from expression. The proposed sequence is 5'AA--AAATGGT another genus with a low G+C content. A similar result has AAATAT3', where G in the center is at -17 to -13 from the been reported for the alkane utilization genes (alkBAC) of transcriptional start site. A sequence highly homologous to the OCT plasmid (22) . this, 5'AAGCTAAATAT3', lies at -122 to -112 upstream It was previously observed that several of the initial steps from the initiation codon of the linA gene. It is therefore of y-HCH degradation in UT26 proceed constitutively (16) .
supposed that this sequence acts as a promoter in P. Thus, the linA gene may possess a constitutive promoter.
paucimobilis. (25) . This enzyme catalyzes the monodehydrochlorination of DDT to 1,1-dichloro-2,2-bis (4-chlorophenyl)ethylene. DDT dehydrochlorinase, which was purified from DDT-resistant house flies, belongs to the glutathione S-transferase (GST) family (26) . By using an enzyme preparation from y-HCH-resistant house flies, it has been shown that glutathione is required for the metabolism of y-HCH (43) . Ishida (19) reported that y-HCH-and y-PCCH-metabolizing enzymes from house flies were indistinguishable from DDT dehydrochlorinase in several purification steps, suggesting that these activities might be derived from a single enzyme. These reports question whether LinA is a GST. In the past, GST had been characterized in eukaryotes as a detoxifying enzyme. However, several recent reports concerning bacterial GSTs have appeared (1, 13, 24) . It has been shown that GST plays a role in the assimilation of dichloromethane in Methylobacterium spp. (24) . Since the primary structure of DDT dehydrochlorinase is unknown, the amino acid sequence of LinA was compared with that of several other GSTs, including bacterial ones. No sequence homologous to that of LinA was found. Moreover, purified LinA did not show GST or DDT dehydrochlorinase activity in the presence of glutathione (15) . Thus, it seems more likely that LinA is not a GST-type enzyme. The mechanism of dehydrochlorination without glutathione is therefore of great interest.
